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ABSTRACT

Solubilities of He, N , and Ar in liquid hydrazine, methyihydrazine,

and unsymmetrical dimethylhydrazine have been measured at various pres-

sures and temperatures. The results show that Henry's law is obeyed and

the standard chznge of Gibbs energy A * is linear in temperature. The stan-

dard-heat of solution AH and the entropy of solution ASO have been obtained,

and AG ° has bcer, expressed as a linear function of temperature.

Th-a change in the solubility of a- chosen gas from one solvent to another

has been correlated by using the Lennard-Jones 6-12 potential with the

assumption that the solute interacts with a hard core studded with H atoms.

The functicnal forms of 6G ° = -1-0 - T S for He, N2 , and Ar in symmetrical

-dimethylhydrazine have been obtained from such correlations, and the method

is shown to be useful for similar gas-liquid systems.

It is -shown that (a) the changes in the solubilities follow the changes in

the d'pole moments of liquids and (b) the entropy of solution varies linearly

with the logarithm of mol fractions of solutes in methylhydrazine and in

unsymmetrical dimethyihydrazine but not of solutes in hydrazine.
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I. INTRODUCTION

Ovtrcoming practical difficulties in pressurizing, storing, and pumping

liquid, propellants requires accurate data on the solubilities of gases in these

liquids. A series of investigations was therefore initiated to measure the

solubilities of the most important propellant pressurization gases. The first

part of this investigation (Ref. 1) dealt with the solubilities of He, N. , 
0 z'

Ar, and N2 0 3 in liquid N 0 4 . This paper reports the second part of the

investigation, which deals with the solubilities of He, N. , and Ar in liquid

hydrazine, methyihydrazine (MH), and unsymmetrical di_-nethylhydrazine

{ UDMH).

None of the usual reference sources (Refs. 2 - 4) contain data on

the solubilities in these binary gas-liquid systems. In addition, supple-

mentary data, such as the values of density and vapor pressure for each

liquid at various temperatures (Refs. 2-4) were found to be inadequate for

the desired accuracy in the measurements of solubilities. It was therefore

necessary to obtain such data concurrently with the solubility measurements.
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11. EXPERIMENTAL

The apparatus for solubility measurements was described in Ref. I.

Iriely, it consisted of three calibrated volumes for the measurements of

admitzed gases, a container in which the propellant was stirred with a glass-

enclosed magnet bar, and a manometer for measuring the pressure with a

microslide cathetometer. The volute occupied by the liquid was detetmined

from the weight and the density measurements. Since the available data on

the densities were not accurate enough for this investigation, the following

equations were obtained from the precise data obtained by a -nethdA described

in detail in Ref. 5:

p(NH 4 ) = 1.02492 - 0. 000$65t (I)

p(MH) = 0. 89338 - 0.000943t (Z)

p(UDMH) = 0. 80980 - 0.001030t (3)

I Ir: the foregoing equations, p is the density in g/ml and t is the temper-

ature in *C. The gas and the liquid were brought to equilibrium by

I violently stirring the liquid. The dissolved gas was found by subtracting the|
amount of remaining gas from that of admitted gas. The procedure was

checked for the solubility of nitrogen in water and the result agreed within

02% of published data.

I| The method differed from that described in Ref. 1 because the vapor

pressure of 14_H and UDMH changes with time. These propellants, in an

It initially distilled pure state, dissociate slightly to yield increasing observed

vapor pressure irrespective of the history of their treatment, subsequent

methods of handling, or the degree of exposure to light. The change in vapor

pressure decreases exponentially with time; hence, the pressure was moni-

tored for 2 hr and the further change during the solubility measurements was

-3-
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obtained by extrapolation. An uncertainty of 0. 3 mm in the vapor pressure

caused a small unavoidable error in the solubility. The vapor pressure of

hydrazine was found to be very nearly Ine-epndent. of time.
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I!. RESULTS

The results on the solubilities of He, N , and Ar in hydrazinc. MH and

UD M are listed in Table 1. Since the inol fraction of each dissolved gaz is

s-nall, Henry's law is obeyed, i. e.. the solubilitT is pr~portiona to the

partial pressure of gas. This fact is substantiated by the measrements at

various pressures. and, further, it shows that there are no chemical

reactions between nitrogen and the solvents (Ref. 1)4 The process of disso-

Itui.io niay--be represented by

Gas-Dissolved Gas K = XIP (4)

I
z where X is the mol fraction. P is the wdrtiai pressure of dissolved gas and

I! K may be considered as the equilibrium constant or the inverse of Henry's

1 * law constant. The values of K. which are also the atmospheric solubilities,

are listed in Table I. They are about 15 times lower for He in hydrazine than

the corresponding values (Ref. 1) for He in N 2 0 4 .

The average values of K for the gases in hydrazine are represented in

Fig. I as log Kvs10 4IT. where T is in OK. The equations for the straight

lines, obtained by the least squares method, are related to the standard Gibbs

energy change AG' of Reaction (4) by G = - RT In K, ard are represented by

JG*(He in NH 4 ) = 1,257 19. 95T (5)

G(N, in N H) = , 364 + 15.59T (6)

AG*(Ar in NzH) = 2, 038 15. 62T (7)

The standard state for gases is I atm. and the reference state for dissolved

gases is Winnitely dilute solution in Eqs. (5-7). Deviations from ideality for

gases arrg much sr.aller than the experimental errors: hence, they have b-en

:gnored-
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Fig. I. Solubilities of He, N2 and Ar in Liquid N2H 4
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The average values of K at each temperature for the gases in MH-

(Fig. 2) are expressed by

AG*(He in MH-) = 1, 798 + 15. 02T (8)

AG-(Nz2in M) = 1, 118 + 14. 72T (9)

AG 0(Ar in MH) = 650 + 14. 97T(S)_

Similar data for the gases in UDMH, shown in Fig. 3, yield -

AG '(He in UDME) = 2, 106 + 11. 37 T (

&7G (N2 in UDMH) = 802 + 12. 99T (12)

ZAG(Ar in UDMH) 242 +13.66T (13) Z

-8-
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IV. DISCUSSION

The process of dissolution of N2 in all the propellants is that shown by

Reaction (4) for the following reasons: (1) K is independent of pressure, and

(2) the values of AH ° in A°G =AH° - TAS ° in Eqs. (5-13) are of comparable

magnitude and follow a pattern of variation from one gas to another. Hence,

N2 behaves like He and Ar, which do not react chemically with the propellants.

It is difficult to treat the solubilities of gases in these propellants by

means of any molecular or geometrically abstract models (Ref. 6) because,

first of all, the molecules of the methyl hydrazines are complex and, further,
the molecular parameters n- :essary for such treatments are not known.

Therefore, we shall be satisifed with a reasonable semi-theoretical correla-

tion of the data. For this purpose, we make the following assumptions: (1)

j[ The change in the standard Gibbs energy of solution of a particular gas from

0 l one liquid to another is caused by the cnange in the Lennard-Jones 6-12
6.j potential (Ref. 7), in which the term involving I /r is neglected, so that

u - 1 (14)
r

In this equation, u is the change in potential energy of a molecule as a func-

tion of distance r of approach to another molecule, and a is a constant related

to the interaction energy and the minimum point in the potential energy curve.

(2) The solubility of a gas varies from one solvent to another because or °

v.ries in accordance with Eq. (14) as the distance between the solute and

solvent molecules r varies at a selected reduced temperature T , related to

the melting point of propellant T m by

T = T/T (15)

4 . (3) The distance r was computed in the following manner. First the liquid is

divided into cells each containing one molecule of propellant by dividing the

~-11-



molar volume by Avogadro's number. The solute could locate itself at the

center of the line connecting two molecules along a cubic diagonal. The value

of r "- the distance between the solute and solvent molecule, minus the

impenetrable distance D of the solvent molecule. The value of D was obtained

from the volume of the molecule, without considering the outer hydrogen

atoms. This volume was converted into a sphere whose radius was taken to

be identical with D. In essence, the sphere of radius D was assumed to be

studded with the hydrogen atoms, and the value of r in Eq. (14) is simply the

distance between the centers of the solute and the hydrogen atoms. The

results at Tr= 1.11 are presented in Fig. 4. The correlation is linear and

supports our assumptions.

It is now possible to estimate Xi ° for the solubilities of He, N., and

Ar in symmetrical dimethylhydrtzine (SDMH) from the linear correlation in
-12

Fig. 4. For this purpose, it is also necessary to plot AGO versus r at

T = 1.30. The point where r for SDMH (the vertical dotted line in Fig. 4)r
intersects each line gives AG ° for that gas in SDMH. The values of AGO at

T = 1.11 and T = 1.30 for each gas yield AGO as a linear function of tem-
r r

perature T in *K. The results are

AG°(He in SDMH) = 2,490 + 7.70T (16)

AG°(N in SDMH) = 1,300 + 8.51T (17)

AG°(Ar in SDMH) = 720 + 9.05T (18)

Similar estimates can also be made with a good deal of confidence for the

remaining methyl compounds of hydrazine. This procedure is also recom-

mended for obtaining estimates for the ethyl compounds of hydrazine.

The ideal or Raoultian solubility of He, N 2 , and Ar in a liquid exhibiting

no interaction with the solute gas is computed by calculating the vapor

pressure Pi of r hypothetically existing gas and setting the molIV

fraction X i equal to I/P., where I in the numerator is the atmospheric

-12-
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(Tm = melting point, "K) m

:I -i13-

ag



I

pressure. The results, taken from Hildebrand and Scott (Ref. 8), are shown

in Table i1, together with other data on solubilities and dipole moments tL

(Ref. 9). It is evident that the ideal solubility gives only a rough order of

magnitude, and it is likely to yield a closer value for the systems in whic"

the AH ° of solution is negative and not too far from the heat of condensation

of dissolved gases. Variation of the solubilities with the dipole moments ti

follows the pattern (Ref. 6) shown in Table II, i. e., the solubilities increase

with p., although there are notable sxceptions.

It has been shown by Hildebrand, et al. (Refs. 10-1Z), that when the entropy

of solution, S (in soln) - S (gas) (where S is the partial molar entropy of

dissolved gas in the solvent) for various gases is plotted versus the logarithr

of mol fraction of solute at I atm, then a straight line results for each solvent

at a chosen temperature. This correlation is very good for MH and UDMH,

fair for the gases (Ref. I) in liquid Nz0 4 2 and very poor for hydrazine. Never-

theless, such linear correlations might be useful for gasez and liquids of low

dipole moments and simple molecular structures.

-14-



Table II. Comparison of Solubilities of He, N and Ar
In Various Solvents at 25 °C and I atma

Solvent ii, D He N2  Ar

Ideal ... 16 b  100 160

Hydrazineb 1.9 0.52 0.72 1. 24

Water 1.9 0.7 1.2 2. z

MH 2.2 2.51 9.17 17.9

UDM2. 5. 5c 9.38 37.5 68.9

ceoe . V. 0 59. 90.6

Numbers represent mol fraction N 105.

bAuthorst values of solubility.

CDipole moments are from McClellan (Ref. 9); the value for UDMH 2

has been estimpted by '.he authors from a plot of boiling point vs !L .

All the remaining data are from Hildebrand and Scoit (Ref. 8).

-15-
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